The neurotransmitter noradrenaline (NA) can provide neuroprotection against insults including inflammatory stimuli and excitotoxicity, which may involve paracrine effects of neighboring glial cells. Astrocytes express and secrete a variety of inflammatory and antiinflammatory molecules; however, the effects of NA on astrocyte chemokine expression have not been well characterized. In primary astrocytes, NA increased expression of chemokine CCL2 (MCP-1) at the mRNA and protein levels. NA increased activation of an MCP-1 promoter driving luciferase expression, which was replicated by ␤-adrenergic receptor agonists and a cAMP analog, and blocked by a specific ␤2-adrenergic receptor antagonist. In primary neurons, addition of MCP-1 reduced NMDA-dependent glutamate release as well as glutamate-dependent Ca 2ϩ entry. Similarly, conditioned media from NA-treated astrocytes reduced glutamate release, an effect that was blocked by neutralizing antibody to MCP-1, whereas MCP-1 dose-dependently reduced neuronal damage attributable to NMDA or to glutamate. MCP-1 significantly reduced lactate dehydrogenase release from neurons after oxygen-glucose deprivation (OGD) and prevented the loss of ATP levels that occurred after OGD or treatment with glutamate. Incubation of neurons with astrocytes separated by a membrane to prevent physical contact showed that NA induced astrocyte release of sufficient MCP-1 to reduce neuronal damage attributable to OGD. These findings indicate that the neuroprotective effects of NA are mediated, at least in part, by induction and release of astrocyte MCP-1.
Introduction
Accumulating data demonstrate that the neurotransmitter noradrenaline (NA) can reduce damage during neuroinflammatory and neurodegenerative conditions. In vitro studies have shown that NA suppresses glial expression of proinflammatory cytokines and the inducible nitric oxide synthase (iNOS) (Feinstein et al., 1993; Dello Russo et al., 2004) . Similarly, in vivo studies show that experimental depletion of brain NA exacerbates inflammatory responses (Heneka et al., 2002) , whereas increasing NA levels reduces inflammation (Kalinin et al., 2006) and provides neuroprotection (Troadec et al., 2002) .
After activation by inflammatory stimuli, glial cells express and release a variety of substances which regulate the overall inflammatory milieu. Although anti-inflammatory treatments often modify gene transcription within target cells, changes in expression or production of paracrine factors could dampen or potentiate ongoing responses. In this regard, we showed that although conditioned media (CM) from activated microglia induces iNOS expression in neurons, that induction was lost if the microglia were cotreated with NA (Madrigal et al., 2005) .
During studies to understand the ability of NA to reduce microglial inflammation, we observed that the secreted factors most affected by NA were cytokine IL-12p40 subunit and chemokine MIP-1␣ (Douglas L. Feinstein and Jose L. M. Madrigal, unpublished observations) . Because both these molecules are regulated by chemokine MCP-1/CCL2 (monocyte chemoattractant protein) (Luther and Cyster, 2001) , we tested if NA regulated glial MCP-1 expression. We show here that NA increases MCP-1 expression in astrocytes, and that astrocyte-derived MCP-1 is neuroprotective against excitotoxic damage attributable to NMDA or glutamate, or which occurs during oxygen-glucose deprivation (OGD).
Materials and Methods
Reagents. Cell culture reagents (DMEM and antibiotics) were from Cellgro Mediatech. Fetal calf serum (FCS) (Ͻ10 EU endotoxin per ml), neurobasal medium (NBM), B27 supplements, and DMEM-F12 were from Invitrogen. NA, dibutyryl cAMP (dbcAMP), propranolol, and NMDA were from Sigma. Recombinant MCP-1 was from PeproTech. Antibody against MCP-1 was from Abcam.
Cells. Rat cortical microglia and astrocytes were obtained as described previously (Vairano et al., 2002) . Briefly, 1-d-old Sprague Dawley rats (Charles River Laboratories) were used to prepare primary mixed glial cultures; microglia were detached by gentle shaking after 11-13 d in culture and then replated into 96-well plates at 3 ϫ 10 5 cells/cm 2 and were 95-98% OX-42-positive. Astrocytes were prepared by mild trypsinization of the remaining cells, replated at 5 ϫ 10 5 cells per 35 mm plate and consisted of Ͼ95% astrocytes as determined by staining for glial fibrillary acidic protein and Ͻ5% microglial as determined by staining for OX-42.
Primary cultures of cortical neurons were prepared as described previously (Madrigal et al., 2005) . In brief, brains were removed from embryonic day 16 Sprague Dawley rat pups, cortical areas dissected, neurons mechanically dissociated in 80% Basal Medium Eagle containing 33 mM glucose, 2 mM glutamine, 16 mg/l gentamicin, 10% horse serum, and 10% FCS, and plated at 2 ϫ 10 5 cells/cm 2 in poly-L-lysine-precoated plates. The medium was replaced 24 h later with serum-free NBM supplemented with 0.5 mmol/L-glutamine and complete B27, and 4 d later, 50% of the medium was replaced with fresh NBM. Neurons were grown for 9 -10 d in NBM, at which point 98 Ϯ 2% of the cells stained positively for neuronal marker neuronal-specific nuclear protein. At that time, the media was removed, neurons washed once gently in fresh NBM to remove any lactate dehydrogenase (LDH) that accumulated during the growth period, and test substances added in fresh NBM supplemented with 0.5 mmol/L-glutamine and B27 without antioxidants.
Cell viability. Neuronal viability was assessed by measurement of released LDH, using the CytoTox-96 kit from Promega according to manufacturer's instructions.
mRNA analysis. Total cytoplasmic RNA was prepared using TRIzol reagent (Invitrogen), aliquots converted to cDNA, and mRNA levels estimated by quantitative real-time PCR (QPCR). The primers for ␤-actin were as follows: forward: 5Ј-CCTGAAGTACCCCATTGAACA, reverse: 5Ј-CACACGCAGCTCATTGTAGAA-3Ј; MCP-1: forward: 5Ј-TGCTGTCTCAGCCAGATGCAGTTA-3Ј, reverse: 5Ј-TACAGCTTC-TTTGGGACACCTGCT-3Ј. PCR conditions were 35 cycles at 95°C for 10 s, annealing at 60°C for 15 s and extension at 72°C for 30 s followed by 5 min at 72°C in a Corbett Rotorgene. Relative mRNA levels were calculated by comparison of take off cycles and normalized to values for ␤-actin measured in the same samples.
Plasmid constructs. The MCP-1 promoter region was isolated as described previously (Kutlu et al., 2003) from rat genomic DNA. The primers used were as follows: forward (position Ϫ515 to Ϫ499): 5Ј-AGCGAGCTCAAGCTCTTCGGTTTGG-3Ј with an added SacI site, reverse (position ϩ31 to ϩ53): 5Ј-CGGGATCCGGCTTCAGTGAG-AG-3Ј with an added BamHI site. The product was purified, digested with SacI and BamH1, and the insert subcloned into the SacI-BglII sites of pGL2-Basic (Promega) to obtain pMCP1-luc construct.
Exposure of neuronal cultures to OGD. Primary neurons were preincubated with varying concentrations of MCP-1 for 24 h then exposed to 150 min of OGD as described previously (De Cristó bal et al., 2002) . Culture medium was replaced by a solution (OGD media) containing 130 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 26 mM NaHCO 3 , 0.8 mM MgCl 2 , 1.18 mM NaH 2 PO 4 , and 2% horse serum bubbled with 95% N 2 /5% CO 2 . The neurons were transferred to an anaerobic chamber (Forma Scientific) containing a mixture of 95%N 2 /5%CO 2 humidified at 37°C. OGD was terminated by replacing the OGD medium with serum-free NBM supplemented with 0.5 mM glutamine and complete B27 and cells returned to normoxia. Control cultures were treated the same as OGD samples but in OGD solution containing 33 mM glucose.
Astrocyte-neuron cocultures. Astrocytes were replated by seeding 130,000 viable cells onto 0.33 cm 2 Transwell cell-culture inserts (Corning Life Sciences) with a pore size of 0.4 m, which allows traffic of small, diffusible substances but prevents cell contact. A transient coculture was initiated by transferring inserts into 24-well plates containing primary neurons of culture age 9 -10 d. At that point, the cocultures were treated with nothing, 10 M NA, or 10 M NA plus 10 g/ml of neutralizing antibody to MCP-1. After 24 h, astrocytes were removed, culture media changed to OGD media, neurons exposed to OGD, and damage assessed 24 h later.
Transfection and transient expression assay. Primary astrocytes were transfected with 0.2 g pMCP1-luc plasmid and 0.2 g empty phRG-TK renilla luciferase vector (Promega) using Effectene reagent according to instructions. After 48 h, cells were exposed to various treatments for 4 h. Luciferase assays were performed using the Dual Luciferase Reporter System (Promega), luminescence measured in a Zylux Femtomaster FB12 luminometer, and the ratio between firefly and renilla luciferase luminescence determined.
MCP-1 measurement. MCP-1 levels in the medium were detected using a specific ELISA for rat MCP-1, according to manufacturer's instructions (R&D Systems).
Measurement of extracellular glutamate. Glutamate concentrations in media were determined spectrophotometrically as the increase in NADH fluorescence after conversion of glutamate to ␣-ketoglutarate, using a commercially available kit (Sigma-Aldrich).
Measurement of ATP levels. ATP concentrations were measured with a firefly luciferin-luciferase assay-based commercial kit following manufacturer instructions (Thermo Labsystems).
Relative intracellular calcium measurement. Primary neurons were treated for 24 h with varying concentrations of MCP-1, preloaded with Fluo-4 A.M. (10 M; Invitrogen) for 60 min and then rinsed three times with PBS. Before recording, the medium was exchanged for modified HBSS containing 137 mM NaCl, 5 mM KCl, 3 mM NaHCO 3 , 0.6 mM Na 2 HPO 4 , 0.4 mM KH 2 PO 4 , 1.4 mM CaCl 2 , 0.8 mM MgSO 4 , 20 mM HEPES, 5.6 mM glucose, and 5 M glycine, pH 7.4. After baseline fluorescence was obtained, 0 or 200 M glutamate (alone or with 10 M of the NMDA receptor antagonist MK801) was added and fluorescence recorded 3 min later using the Fluoroscan Ascent reader (Labsystems).
Data analysis. All experiments were done at least in triplicate. Data were analyzed by unpaired t tests, and p values Ͻ0.05 were considered significant.
Results

Noradrenaline increases MCP-1 expression in astrocytes
Treatment with NA significantly increased MCP-1 mRNA levels in primary astrocytes but reduced levels in primary microglia (Fig. 1 A) . NA increased astrocyte release of MCP-1 (Fig. 1 B) and increased activation of an MCP-1 promoter driving luciferase expression (Fig. 1C) . The MCP-1 promoter was activated by the cAMP analog dbcAMP and by a selective ␤-adrenergic (␤AR) agonist. The effect of NA was dose-dependently reduced by coincubation with the nonselective ␤AR antagonist propranol and by a selective ␤2AR antagonist (Fig. 1 D) .
MCP-1 reduces glutamate release from and Ca
2؉ entry into neurons Exposure of primary cortical neurons to NMDA induced significant glutamate release (Fig. 2 A) that was reduced to near control levels by MCP-1. Similarly, cotreatment with CM generated from NA-treated astrocytes reduced NMDA-dependent glutamate release (Fig. 2 B) , and that reduction was attenuated by a neutralizing antibody to MCP-1. Glutamate induced a rapid increase in intracellular Ca 2ϩ in neurons, which was dose-dependently reduced by pretreatment with MCP-1 (Fig. 3A) . Ca 2ϩ entry was almost completely blocked by MK801, indicating that the majority of the Ca 2ϩ measured entered neurons via NMDA receptors. Glutamate caused a significant decrease in neuronal ATP levels, which was attenuated by pretreatment with MCP-1 (Fig. 3B) . MCP-1 dose-dependently reduced neuronal cell death after incubation with NMDA or glutamate (Fig. 3C) , consistent with its ability to reduce glutamate release and Ca 2ϩ entry.
MCP-1 protects neurons against damage attributable to oxygen-glucose deprivation
Exposure of primary neurons to OGD caused a significant increase in cell death as measured by LDH release which was increased ϳ2.5-fold by OGD and was significantly reduced by incubation with 10 or 50 ng/ml MCP-1 (Fig. 4 A) . To determine if astrocyte-derived MCP-1 provided neuroprotection, we tested effects of astrocyte-conditioned media on OGD-induced damage (Fig. 4 B) . Neurons were preincubated for 24 h in the presence of astrocytes separated by a transwell membrane that allowed for transfer of soluble factors while preventing direct contact, after which the astrocytes were removed, the media changed, and the neurons subjected to OGD. When preincubated with astrocytes, there was significant LDH release after OGD compared with neurons kept under normoxic conditions. However, when preincubation was done in the presence of NA, there was a significant reduction of subsequent OGD-dependent LDH release, and this reduction was reversed by the presence of neutralizing antibody to MCP-1. Preincubation of neurons with NA alone in the absence of astrocytes did not reduce OGD-dependent LDH release (data not shown).
Discussion
The present study demonstrates that NA induces expression of MCP-1 in astrocytes, which is neuroprotective against excitotoxic-dependent damage. In primary neurons, MCP-1 reduced NMDA-dependent glutamate release, glutamatedependent Ca 2ϩ entry and ATP loss, and LDH release attributable to NMDA or glutamate. MCP-1 also reduced the toxic consequences of OGD in neurons, as did conditioned media from astrocytes which could be prevented by a blocking antibody to MCP-1. These data demonstrate that neuroprotective effects of NA are mediated in part by release of neuroprotective chemokines such as MCP-1 from neighboring astrocytes.
The ability of NA or of its downstream messenger cAMP to regulate astrocyte MCP-1 expression has not been well characterized. Similar to our findings, treatment of astrocytes with dbcAMP increased MCP-1 release (Tawfik et al., 2006) , and in nonneural cells, NA increased MCP-1 in rat aorta (Capers et al., 1997) and in mouse peripheral blood mononuclear cells (Takahashi et al., 2004) . In contrast, elevation of cAMP levels in microglia reduced MCP-1 expression (Delgado et al., 2002) , suggesting differences between peripheral blood mononuclear cells (which include macrophages) and CNS-derived microglia. We show that NA acts at the transcriptional level because activation of a 570 bp MCP-1 promoter construct was increased by NA as well as by the ␤AR agonist isoproterenol and by dbcAMP. Although the cloned MCP-1 promoter region had the expected size, the product was not sequenced, and, therefore, introduction of point mutations may have influenced its responses. The rodent MCP-1 promoter region contains conserved binding sites for several cAMPresponsive transcription factors including AP-1, C/EBP (CCAAT/enhancer-binding protein), and cAMP response element-binding protein, suggesting these as targets of NA effects. MCP-1 can also be induced in glial cells upon NFB activation (Thibeault et al., 2001) ; therefore, the ability of NA to induce MCP-1 could involve NFB activation. Our observations that NA does not increase MCP-1 mRNA in enriched microglia support that NA effects are primarily mediated via astrocytes.
Our data suggests that MCP-1 reduces the ability of neuronal NMDA receptors to respond to ligand, thereby reducing glutamate release and subsequent effects. Consistent with this, MCP-1 has been shown to inhibit NMDA-induced increases in extracellular glutamate, as well as NMDA-dependent increase in NMDA-R1 expression (Eugenin et al., 2003) , and to reduce NMDA-dependent death in mixed cortical cultures (Bruno et al., 2000) . It is also possible that MCP-1 increases the ability of astrocytes present to uptake glutamate through selective transporters (Gochenauer and Robinson, 2001) ; however, because NMDA is a poor substrate for these transporters (Schurr et al., 1999) , astrocyte removal alone is unlikely to explain the overall neuroprotective effects of MCP-1. Finally, although MCP-1 reduced frank neuronal death caused by OGD, this does not rule out that surviving neurons were damaged to a lesser extent.
Our studies suggest that the neuroprotective effects of MCP-1 are mediated via activation of MCP-1 receptors (CCR2) on neurons. Although CCR2 expression has mainly been described in glia, several studies report constitutive as well as inducible neuronal expression (for a recent review, see Melik-Parsadaniantz and Rostene, 2008) . Neuronal CCR2 has been detected on hippocampal neurons in brain sections obtained from both HIV as well as non-HIV patients (van der Meer et al., 2000) and is expressed on primary neurons derived from fetal human brain (Coughlan et al., 2000) . In rats, constitutive neuronal CCR2 was found in several regions of normal adult brain including on dopaminergic and cholinergic neurons , cerebellar Purkinje neurons (van Gassen et al., 2005) , and spinal cord neurons . Neuronal CCR2 expression is increased in several injury models, including on dorsal root ganglion neurons after neuropathic pain (White et al., 2005) and in sensory neurons after focal demyelination (Jung et al., 2008) , suggesting that neuronal CCR2 expression may be increased under excitotoxic conditions. High glutamate levels in brain occur in chronic neurodegenerative conditions including Alzheimer's disease (Lipton, 2005) and Parkinson's disease (Hallett and Standaert, 2004) and also by acute events including stroke (Castillo et al., 1996) and traumatic brain injury (Zauner et al., 1996) . Excessive glutamate causes influx of large amounts of Ca 2ϩ into neurons, which damages mitochondria and promotes synthesis of proapoptotic genes, eventually resulting in neuronal death (Stout et al., 1998) . The use of drugs able to block excessive stimulation of NMDA receptors without interfering with the physiological functions of NMDA has proven to be an efficacious therapy against Alzheimer's disease. Our data suggest that selective increases in chemokines such as MCP-1 might also provide a means to reduce glutamate induced damage.
